Introduction
Interventional treatment for moderate-to-severe mitral regurgitation (MR) is an effective option for symptomatic patients with high operative risk. The MitraClip w procedure has shown its ability to reduce regurgitation severity and improve clinical symptoms. Although the EVEREST trials 1,2 enrolled primarily patients with primary or degenerative MR (PMR), in current clinical practice, the majority of patients selected for MitraClip w therapy have functional or secondary MR (SMR). 3, 4 The surgical double-orifice technique that served as a model for the percutaneous procedure was initially developed for patients with mainly anterior leaflet degenerative MR. 5 Although most surgical patients received annuloplasty in addition to leaflet suture, it has been demonstrated that double-orifice technique alone was able to produce acceptable results in selected patients, 5 however, patients with additional annuloplasty appeared to have better mid-term results overall. 6 Therefore, a number of interventional approaches have attempted to replicate annuloplasty but have not reached routine clinical practice yet. 7 In today's practice, percutaneous edge-to-edge repair is predominantly used for functional MR.
Whereas annuloplasty is usually performed in addition to the Alfieri stitch, the MitraClip w procedure is not accompanied by a supporting ring device.
In order to improve outcomes and patient selection for percutaneous treatment, it is important to understand how the procedure achieves reductions in regurgitation severity and clinical improvement.
Effects of clipping may differ according to the aetiology of MR and mitral valve geometry. A more detailed understanding of MR mechanisms has been facilitated by the use of real-time threedimensional transoesophageal-echocardiography (RT3D TEE) and will be necessary for improving percutaneous valvular interventions.
RT3D-TEE has more or less become the standard imaging technique for procedural guidance of MitraClip w implantation 8 and its use is recommended by recent guidelines. 9 Measurement of mitral annulus area by 3D-echocardiography is accepted as an accurate method and a comparator for other methods. 10 We intended to use echocardiographic data recorded during interventional guiding to gain more insights into the immediate effects of MitraClip w therapy on the mitral valve apparatus in different forms of pathology. Having noticed early changes to mitral valve geometry in patients undergoing the percutaneous intervention in our daily practice, we wanted to investigate whether this effect can be replicated for larger patient groups and if the MitraClip w can possibly produce a 'small annuloplasty' of its own.
Methods
We retrospectively assessed all patients treated with the MitraClip w at our centre in whom intra-procedural RT3D-TEE volume data sets were available in adequate quality immediately before and after placement of the device. All procedures were performed under general anaesthesia with a dedicated anaesthesiologist and intra-procedural haemodynamic monitoring. 3D-TEE imaging data were acquired under stable haemodynamic conditions in supine position before the start of the invasive procedure (pre-implantation) as well as after the procedure before removing the TEE probe (post-implantation). Imaging was performed using Philips ie33 xMATRIX ultrasound machines with x7-2t TEE probes (Philips, Andover, MA, USA).
Volume data sets were available with a median volume rate of 9 volumes/s before and after device implantation. The mean time difference between pre-and post-implantation 3D volumes used for analysis was 124 (42-272) min.
For 3D quantification, we used the QLAB software (Philips, Andover, MA, USA). Prior to the measurement, we examined preand post-implantation data volumes for adequate quality. All patients judged eligible at this point were included in the analysis. All measurements were done by a single experienced echocardiographer to ensure standardization and visually cross-checked by a second experienced reader afterwards. Inter-observer variability was assessed for the first 22 cases.
Since MR is a systolic event, end-systolic frames/volumes were selected using concomitant electrocardiographic tracings and additional visual assessment of valve opening to achieve optimal reproducibility. Data sets were manipulated to achieve optimal axis alignment and create long axis, inter-commissural, and short-axis views of the mitralvalve apparatus. Image size, gain, dynamic range, and brightness settings were adjusted to achieve optimal conditions for measurement. Mitral ring area, anterior -posterior diameter (APD), latero-medial diameter (LMD), tenting height, and area were measured in the corresponding views ( Figure 1) . After device implantation, tenting was measured immediately medial or lateral to the clip as feasible, while annulus diameters and area were measured as before.
Mitral-valve annular circumference before and after clip implantation was measured in a subset of 42 patients using TomTec 4D Cardio View 2.1 software (TomTec, Unterschleissheim, Germany).
Patients were grouped according to aetiology of MR into primary or secondary MR.
11 Secondary or functional MR was defined as a central MR due to annular dilatation or tethering of the leaflet because of regional LV dysfunction and with a structurally normal mitral-valve apparatus. 11, 12 Primary (formerly degenerative or organic) MR was defined as having abnormalities of the MV apparatus causing a usually eccentric MR jet. If multiple mechanisms were contributing to MR, the MR was classified according to the predominant mechanism as recommended in current guidelines. Clinical and echocardiographic data were obtained from electronic medical records. MR severity was graded by experienced examiners according to European guidelines, 13 which emphasize vena contracta width. Grades were then translated into the four-grade system used in the EVEREST trials described elsewhere.
14 Systolic pulmonary artery pressure was estimated by transthoracic echocardiography using peak systolic tricuspid regurgitation velocity. Mitral annular calcification was rated by pre-procedural TTE or TEE as absent (0), spotty (1), confined to anterior or posterior ring (2), or involving both anterior and posterior ring (3) .
Statistical analysis with t-tests and non-parametric testing for paired samples was performed using IBM SPSS Statistics Version 20. Additional testing and graphical rendering of results was done using GraphPad Prism version 5.0b for MacOS X,(GraphPad Software, San Diego, CA, USA). The Kolmogorov -Smirnov test was used to assess whether the data were normally distributed. T-test and one-factorial ANOVA testing was performed on normally distributed data (presented as mean + standard deviation), the Mann-Whitney U-test or the Wilcoxon test were used for non-normally distributed data (presented as median and interquartiles, unless indicated otherwise). P-values ,0.05 were considered significant.
Results
We identified 55 out of 64 patients with adequate data for analysis. Patient characteristics are shown in Table 1 . Percutaneous mitralvalve intervention with the MitraClip w resulted in a median reduction of 2 grades of MR severity (0-4; mean 2.118) ( Figure 2 ). Concomitantly, a reduction of invasively measured sPAP from a mean of 47.5 + 16.7 mmHg to a mean sPAP of 41.7 + 10.6 was achieved. Likewise estimated sPAP (by TTE) was reduced from 47 + 13.6 mmHg to a mean of 39 + 10.5 mmHg at discharge. Left-ventricular end-diastolic volume (LVEDV) was already slightly but significantly reduced at discharge (LVEDV post ¼ 164.6 + 82.8 vs. 174.4 + 82.9, P ¼ 0.039), while ejection fraction remained unchanged.
Statistical testing did not show significant differences in predischarge MR severity or MR reduction between SMR and PMR groups. Similarly, there was no difference in mean pulmonary capillary wedge pressure (mPCWP) after clip placement between the groups (P ¼ 0.233). Compared with pre-interventional measurements, we found statistically robust reductions in annulus area (meanD 1.30 + 1.44 cm 2 ; P , 0.001), AP-diameter (meanD 0.28 + 0.32 cm ; P , 0.001), tenting area (meanD 0.39 + 0.49 cm 2 ; P , 0.001), and tenting height (meanD 0.074 + 0.217; P ¼ 0.04) for patients with SMR as shown in Figure 3 . This corresponds to a mean relative reduction of 13.4% for annulus area, 9.8% for AP-diameter, and 21.4% for tenting area. There were no significant changes in LMDs.
In contrast, we could not find any significant changes in diameters or annulus area (P ¼ 0.803) in patients with primary (mostly degenerative) aetiology (PMR). Comparing reduction in annulus area and AP-diameter, we could not find significant differences between patients with one or two clips in both PMR and SMR ( Figure 4) .
Similarly, we could not demonstrate a significant difference between more or less calcification of mitral apparatus despite numerically higher mean reduction in AP-diameter in non-calcified valves (0.40 + 0.64 vs. 0.22 + 0.34 cm). There was no significant correlation between reduction in annulus area or AP-diameter and post-interventional mean pressure gradients over the mitral valve (P ¼ 0.813 and 0.116) as a measure of mitral stenosis. Development of gradients or of mitral stenosis seems to be more related to properties of the leaflets than to annulus size. In our cohort, we could not verify a correlation between achieved AP diameter reduction and reduction in MR severity ( Figure 5 ). Also we could not find a significant correlation between initial annulus area and procedural success as expressed by reduction in MR grade (P ¼ 0.293). No significant gender differences were seen in our analysis.
Comparing pre-and post-procedural mitral annular circumference measured with TomTec CardioView 4.1, we could not find a statistically significant difference in circumference (13.56 + 1.34 vs. 13.42 + 1.30; P ¼ 0.355) ( Figure 6 ). This can be seen as supporting evidence for the validity of our measurements by ruling out relevant differences in cutting planes due to temporal or spatial resolution constraints. In order to determine interobserver variability, measurement of AP-and LM-diameters was independently performed in 22 cases by two experienced readers. There were very good interobserver correlations for AP-diameter To further check our findings, diameters were also measured in conventional long-axis and intercommissural planes and showed a good correlation (Pearson r ¼ 0.691 P , 0.01 for AP-diameter) with 3D measurements. Changes in conventionally measured AP-diameter pre-post were also significant (P , 0.01) in SMR, supporting results from 3D-data.
Discussion
We were able to demonstrate that the MitraClip w procedure does produce an immediate reduction in mitral annulus area in patients with secondary or functional MR. This reduction was mainly caused by a reduction of the anterior -posterior mitral-valve diameter. We did not find a significant change in latero-medial diameter, which seems to be in line with mechanistic considerations. Postimplantation tenting height and area were also significantly reduced compared with pre-implantation values, which may also be an important effect of the procedure.
In vitro as well as clinical studies of the surgical edge-to-edge repair have demonstrated decreased efficacy without reduction of annular dilatation. 6 itself reduce annular dilatation in SMR even before relevant ventricular remodelling can occur. The device can apparently create enough traction on the annulus-valve-papillary muscle apparatus to have immediate effects beyond the leaflets. For the Alfieri technique, progressive dilatation of the annulus has been demonstrated in patients without additional annuloplasty. 17 The tissue bridge that builds around the clip may stabilize the annulus in the percutaneous approach as suggested before. 1 Although the reductions in area and diameter are small in absolute terms, their contribution to procedural success may be relevant. The extent of reductions varies widely, but in several cases reductions almost comparable to surgical 18 or interventional 19 annuloplasty of around 30% for AP-diameter and annulus area were achieved and seem possible in suitable patients.
Since remodelling or even left-ventricular volume reduction are unlikely causes of this immediate change in annular geometry, direct traction exerted by the clip on the mitral leaflets is most likely responsible for changes to the mitral apparatus. The forces involved can be expected to be higher than those exerted by the suture technique, which have been shown to correlate with annulus diameter. 16 A hypothesis could be that if mitral geometry can be altered adequately, MR is reduced and ventricular remodelling will occur in SMR. The ability of the procedure to induce reverse remodelling has already been shown. 20 In contrast to those findings in SMR, we could not show a significant reduction of annulus size in patients with PMR, despite similar reduction in MR severity and no significant difference in mPCWP between both groups. This seems intuitive from a mechanistic standpoint since in the presence of excess tissue and leaflet length in most cases of PMR, the procedure will not exert significant traction on the annulus. It also supports the notion that the changes found in the SMR group are indeed a result of direct traction and not due to haemodynamic changes, since those should have occurred in the PMR group as well.
Differences in annulus geometry have been shown to produce different strain on mitral leaflet tissue, which may induce structural changes and affect durability. 21 It is unclear if this may lead to different durability and long-term outcomes in functional vs. degenerative disease or if this only demonstrates differential mechanisms of the procedural effect.
We could not find a significant difference in annular reduction between cases in which one or two devices were placed. This suggests that the first device may already reduce annulus size and additional clips may have more of a stabilizing or modifying effect on the regurgitant orifice. However, since two or more clips are usually reserved for patients with inadequate reduction in MR with placement of one clip, this may represent a different patient subpopulation and within the individual patient, additional clips could lead to greater reduction in annulus size.
Recently, others have seen a non-significant trend linking initial annulus area to achieved reduction in MR. 22 From our data, we could not support this link (P ¼ 0.293). Therefore, patients with Effect of Mitra Clip procedure on Mitral geometry large annulus areas should not be excluded from percutaneous edge-to-edge repair at this time.
Other factors may influence the effects of percutaneous edge-to-edge repair on mitral geometry. In patients treated with the double-orifice technique, calcification of the mitral ring has been identified as a predictor of suboptimal results with edge-to-edge repair, 6 an effect that we could not show in our data set possibly due to insufficient sample size. The use of 3D-volumes in this study has advantages over conventional imaging in obviating the need for geometrical assumptions and allowing more accurate image plane selection for measurements. The ability to follow movements during the heart cycle makes measurement of the annulus area at defined timepoints possible. Limitations are the retrospective evaluation of available images and the outcome-oriented nature of the procedure. The latter makes it difficult to demonstrate differences in acute results, e.g. MR reduction. Although we used state-of-the-art imaging equipment and analysis software, RT3DE still has some limitations with regard to spatial and temporal resolution. Especially with higher heart rates, time differences between frames/ volumes are sometimes too large to compare exactly the same part of the heart cycle. This leads to differences in annulus geometry, which explains why we measured larger diameters after the procedure in a small number of study patients.
The findings of this study suggest different effects of Clip placement in PMR and SMR. The clip reduces hypermobility, straightens the leaflets, and preserves coaptation throughout systole in PMR, while it does not significantly alter the mitral annulus. In SMR, the device reduces tenting and annulus area, thereby enhancing coaptation and producing adequate coaptation length.
The procedure will reduce annular AP-diameter and area in most SMR-patients even before release of the device. These changes could be quickly assessed during the procedure and results would be available to guide decisions on location and number of clips to be placed for optimal results. Whether the immediate effects of clipping on mitral annulus geometry correlate to durable MR reduction and favourable clinical outcomes should be addressed in further studies. Data on the stability of observed annulus changes over time and the association with MR reduction and clinical outcomes in follow-up is warranted. However, data from early trials of the device show stability in annulus diameter at 1 year and stable reduction in MR for the majority of patients. 1 The reduction in tenting area demonstrated in this study might also have prognostic implications. In a population of patients with SMR, tenting area has previously been shown to constitute a significant predictor of clinical outcomes such as death and hospitalization. 23 Measuring tenting area after device implantation has not been sufficiently validated, however, it seems reasonable that tenting area reduction may be an indicator for the effect of the device on valve function in SMR. It may even be an additional objective of percutaneous intervention, if proved to be valid. In PMR, measuring tenting is of no conceivable value since there should be no tenting. Despite being modelled after a procedure for the treatment of PMR, the device is doing remarkably well in SMR. We were able to demonstrate different effects of MitraClip w therapy in SMR and PMR in this study. Understanding the mechanisms behind the procedure is important when trying to improve patient selection and device placement.
